This review summarizes the current evidence on the potential role of phytol, a microbial metabolite of chlorophyl A, and its metabolites, phytanic and pristanic acids, in carcinogenesis. Primary food sources in Western diets are the nut skin for phytol and lipids in dairy, beef and fish for its metabolites. Phytol and its metabolites gained interest as dietary compounds for cancer prevention because, as natural ligands of peroxisome proliferator-activated receptor-α and -γ and retinoid X receptor, phytol and its metabolites have provided some evidence in cell culture studies and limited evidence in animal models of anti-carcinogenic, anti-inflammatory and anti-metabolic-syndrome properties at physiological concentrations. However, there may be a narrow range of efficacy, because phytol and its metabolites at supraphysiological concentrations can cause in vitro cytotoxicity in non-cancer cells and can cause morbidity and mortality in animal models. In human studies, evidence for a role of phytol and its metabolites in cancer prevention is currently limited and inconclusive. In short, phytol and its metabolites are potential dietary compounds for cancer prevention, assuming the challenges in preventing cytotoxicity in non-cancer cells and animal models and understanding phytol metabolism can be mitigated.
Introduction
Cancer is the second leading cause of deaths with an estimated 609 604 cancer deaths in 2018 in the US (Siegel et al. 2018) . Dietary phytol, a diterpene alcohol and microbial metabolite of chlorophyl A, and its poly-methylated branched-chain fatty acid metabolites, phytanic acid (PA; 3, 7, 11, and pristanic acid (PRA; 2,6,10,14-tetramethylpentadecanoic acid), have garnered the interest of cancer prevention researchers due to their ability to serve as natural ligands for peroxisome proliferator-activated receptor (PPAR)-α, PPAR-γ and retinoid X receptor (RXR) (Roca-Saavedra et al., 2017) . These receptors are transcription factors leading to downstream effects on metabolism, proliferation and apoptosis (Roca-Saavedra et al., 2017) . Furthermore, they upregulate the expression of α-methylacyl-CoA racemase (AMACR), especially in prostate cancer tissue (Verhoeven and Jakobs, 2001) . Besides being involved in PA catabolism, AMACR is also critical in the degradation of bile acids, ibuprofen and other methylated fatty acids (Lloyd et al., 2008) . Hence, phytol, PA and PRA may be linked to carcinogenesis through involvement in peroxisomal and mitochondrial functions, oxidative stress, inflammatory pathways, cell signal transduction, glucose/ energy metabolism and microbial effects.
The Western diet contains about 10 mg/day of phytol (Steinberg, 1989; Brown et al., 1993; Vetter and Schroder, 2010; Roca-Saavedra et al., 2017) , which mostly comes from the skin of nuts (Steinberg et al., 1967) , 50-100 mg/day of PA and 10-30 mg/day of PRA, which are primarily from lipids in dairy, beef and fish (Steinberg, 1989; Brown et al., 1993; Vetter and Schroder, 2010; Roca-Saavedra et al., 2017) . The average circulating PA concentration is below 10 µM, and according to diagnostic criteria for PA-related diseases, the PA concentration below 30 µM is considered within the normal physiological range (Baldwin et al., 2010; Lloyd et al., 2013) . Tissue PA concentrations are below 0.3% of total fatty acids (Kataria et al., 2015) . Both concentrations are sufficient to elicit chemo-preventive properties in cell culture studies, which are summarized in this review.
Current epidemiological evidence about dietary PA intake or circulating PA concentrations is limited to prostate cancer and non-Hodgkin's Lymphoma (NHL) with varied results. Out of five studies Price et al., 2010; Wright et al., 2012; Ollberding et al., 2013; Wright et al., 2014) , dietary intake or circulating concentration of PA or PRA have been linked to increased cancer risk overall or in subgroups in four studies and no association was observed in one study. Major food sources of phytol and its metabolites have been implicated in the etiology of cancer. The World Cancer Research Fund/American Institute for Cancer Research expert panel review (World Cancer Research Fund and American Institute for Cancer Research, 2018) reported strong evidence for a positive association of consuming red meats (including beef) and processed meats with colorectal cancer risk and an inverse association between dairy products and colorectal cancer risk. Further, they reported strong evidence for a positive association between salted fish intake and nasopharyngeal cancer risk. For the other major food sources of phytol and its metabolites, current evidence is insufficient or inconsistent to draw conclusions.
This article reviews the current evidence from cell culture studies, animal feeding studies and human intervention and observational studies, regarding phytol and its metabolites as potential dietary compounds for cancer prevention. Furthermore, this review recommends potential future research directions, which, if proven successful, will allow us to move forward with formulating prevention strategies involving phytol and its metabolites in order to decrease the public health burden of cancer. The goal of this review is to raise awareness of phytol and its metabolites and to foster future research, as outlined in this review.
Metabolism and physiological concentrations of phytol and its metabolites
The metabolism of phytol and its metabolites is shown in Fig. 1 . Free phytol occurs at low concentrations in plant and animal tissues except for the skin of nuts and plant leaves, where it accumulates and acts as an antimicrobial agent (Steinberg et al., 1967; Islam et al., 2015) , suggesting a potential role of phytol in altering the microbiome population. Phytol is derived from plant and phytoplankton chlorophyl. Nearly all phytol in plants is in the bound form as side-chain of chlorophyl or pheophytin and requires microbial enzymes to be released as free phytol (Hansen, 1980) . Chlorophyl or pheophytin cannot be absorbed by humans, whereas PA has an absorption rate of 80% (Baxter, 1968) . The free phytol is readily converted to PA in the gastrointestinal tract and lymph (Baxter, 1968) . As phytol is not produced endogenously (Steinberg et al., 1967) , circulating phytol concentrations are probably found at trace amounts (Hansen, 1980) . PRA in circulation is derived primarily from endogenous conversion of PA in the liver and a smaller portion from the diet. To our knowledge, the role of phytol and its metabolites on the microbiome is currently unknown and warrants research.
However, at supra-physiological levels, phytol can accumulate in the liver after conversion to PA (Hansen, 1980; Gloerich et al., 2007) . Circulating PA is derived primarily from the diet and a small portion (<20%) from endogenous conversion of phytol into PA (Hansen, 1980) . As shown in Fig. 1 , in the liver, PA is activated to phytanoyl CoA and then transported in the peroxisomes, where phytanoyl CoA is α-oxidized to PRA using various enzymes (Verhoeven and Jakobs, 2001) . Mutations in enzymes involved in this step, such as phytanoyl CoA hydroxylase, can result in accumulation of PA as in Refsum disease, but PRA does not accumulate due to such mutations (Hansen, 1980; Verhoeven and Jakobs, 2001) . As poly-methylated branched-chain fatty acids, PA and PRA replace primarily n-3 or n-6 polyunsaturated fatty acids in tissues (Hansen, 1965; Skrbic and Cumings, 1969; Malmendier et al., 1974) . The only reported human tissue concentration of PA is 0.30 wt% of total fatty acids in the prostate tissue (Kataria et al., 2015) , but no other tissues. In human populations, serum and plasma PA concentrations were on average under 10 µM [2.6 µM in the EPIC study (Price et al., 2010) , 2.9 µM in the North Carolina study and 9.8 µM in the Alpha-Tocopherol Beta-Carotene (ATBC) study (Wright et al., 2014) ] and differed among meat consumers, vegetarians and vegans (5.77, 3.93 and 0.86 μM, respectively) (Allen et al., 2008) , indicating that intake of animal products can increase circulating PA concentrations.
In short, our knowledge about the physiological processes involved in the control of PA and PRA concentrations in absorption, circulation and tissue distribution as well as the effect of the intestinal microbiome on circulating PA and PRA concentrations is limited and requires further research.
Human consumption patterns of phytol and its metabolites
The current knowledge on phytol and PRA contents in foods is limited (Steinberg et al., 1967; Coppack et al., 1988; Steinberg, 1989; Brown et al., 1993) . Major food sources of phytol are the skin of nuts (about 1 g/100 g of food), whereas concentrations in other foods were below 15 mg/100 g of food (Steinberg et al., 1967; Brown et al., 1993) . Major food sources of PA are lipids from dairy, beef and fish. Foods with the highest PA content are butter, followed by salmon, halibut and fatty cheeses (Roca-Saavedra et al., 2017) . Besides foods, 1 g of fish-oil supplements contain about 10% of the total dietary PA intake. In two previous epidemiological studies, the primary dietary sources of PA were cheese, butter and milk, which in total accounted for up to 53% in the Nebraska Lymphoma Study (NLS) (Ollberding et al., 2013) and 90% in ATBC cohort (Wright et al., 2012) . The correlation between circulating PA concentration and fat intake from butter, a major food source of PA, is modest (r = 0.35-0.44) (Price et al., 2010; Wright et al., 2014; Kataria et al., Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited. Phytol, phytanic acid and cancer Bobe et al. 193 2015). Hence, circulating PA concentrations may serve as dietary biomarker of ruminant fat intake in populations with low fatty fish consumption.
An average Western diet with dairy products contains between 50 and 100 mg/day of PA (Roca-Saavedra et al., 2017) and is estimated to contain about 10-30 mg/day and 10 mg/day for PRA and phytol, respectively, based on the ratio of PA to PRA in dairy products (Steinberg, 1989; Brown et al., 1993; Vetter and Schroder, 2010) . This level is similar to the largest feeding study (tested 156 vs. 78 mg/day of PA) (Werner et al., 2013) . A few observational studies also reported an estimated intake of PA. In the NLS, the middle tertile of PA ranged from 43.0 to 63.8 mg/day (Ollberding et al., 2013) . In the ATBC Cancer Prevention cohort of Finnish male smokers, the average intake in the lowest and highest quartiles of PA were 64 and 199 mg/day, respectively (Wright et al., 2012) . Hence, a relatively wide range of intake was reported in healthy populations, although the direct comparison of estimated intake amounts from different studies needs a caution as the studies used different approaches (e.g. the number of food items included in their food frequency questionnaires and statistical methods used to estimate the intake).
Role of phytol and its metabolites in carcinogenesis Cell culture studies
Phytol and its metabolites at concentrations in the physiological range (≤10 μM) can alter pathways involved in carcinogenesis, such as increasing apoptosis and decreasing proliferation (Komiya et al., 1999; Kim et al., 2015; Thakor et al., 2017) . Proposed mechanisms by which phytol and its metabolites exert their chemo-preventive effects include inducing mitochondrial dysfunction, oxidative damage and intracellular Ca 2+ deregulation, as well as epigenetic changes such as histone deacetylation (Idel et al., 2002; Schönfeld et al., 2004; Schönfeld and Wojtczak, 2007; Leipnitz et al., 2010; Kruska and Reiser, 2011; Grings et al., 2012; Borges et al., 2015; Dhaunsi et al., 2016; Dhaunsi et al., 2017) (Table 1) . The concentrations that resulted in these changes varied from 1 µM of PA for inducing oxidative damage in rat heart cells (Schönfeld et al., 2004) to 100 µM of PA for causing nitric oxide-dependent apoptosis in vascular cells (Schluter et al., 2002) . In human embryonic kidney cells (HEK293), 50 μM of PA increased intracellular release of Ca 2+ reserves, which was mediated via activation of free fatty acid receptor, GPR40 (Kruska and Reiser, 2011) . Thus, PA may alter various pathways in different cell types in a dose-dependent manner. Studies Metabolism of phytol, phytanic acid and pristanic acid. Phytol is derived from plant and phytoplankton chlorophyll. Rumen microbiota, marine zooplankton and human intestinal bacteria are able to cleave the chlorophyll porphyrin ring and release phytol. After intestinal absorption, dietary phytol is metabolized in the endoplasmic reticulum (ER) via phytenal and phytenic acid to phytanoyl CoA. Dietary PA and PRA are activated on the cytosolic side of the peroxisomes to phytanoyl CoA and pristanoyl CoA. In the peroxisomes, phytanoyl CoA is α-oxidized to PRA, the racemic mixture of PRA is converted by α-methylacyl-CoA racemase (AMACR) to (2S) PRA. After three rounds of β-oxidation, 4,8-dimethylnonanoyl CoA is shuttled by carnitine into the mitochondria for complete β-oxidation, which include four rounds of β-oxidation and one racemization step using AMACR (Verhoeven and Jakobs, 2001) . PA, phytanic acid; PRA, pristanic acid. of brain tissues showed effects on membrane depolarization, oxidative damage, mitochondrial reactive oxygen species (ROS) generation and histone deacetylation (epigenetic transcription regulation) at concentrations as low as 80 nM of PA (Schönfeld et al., 2004; Reiser et al., 2006; Rönicke et al., 2009; Leipnitz et al., 2010; Borges et al., 2015; Nagai, 2015) . In HepG2 cells, 40 µM of phytol can suppress the epithelial-mesenchymal transition signaling, which is important for tumor invasion (Kim et al., 2015) . Conversely, phytol and its metabolites may also have tumor-promoting properties, as ROS generation can induce DNA damage that either causes apoptosis or transforms normal cells into cancerous cells (Gu et al., 2018; Samimi et al., 2018) . Moreover, 0.3 µM of PA or PRA in normal prostate cells was sufficient to increase the protein content of AMACR (Mobley et al., 2003) , an enzyme known to be elevated in prostate cancer tissue (Thornburg et al., 2006) . Thus, PA may be both friend and foe for cancer prevention and treatment, which warrant further investigation.
In the physiological range (≤10 μM), phytol and its metabolites can be cytotoxic to various cancer cell lines (Idel et al., 2002; Mobley et al., 2003; Kahlert et al., 2005; Reiser et al., 2006; Tang et al., 2007; Rönicke et al., 2009; Che et al., 2013; Pejin et al., 2014; Kim et al., 2015; Nagai, 2015; Thakor et al., 2017) , as shown in Table 2 . Although the induction period and measures of cytotoxicity slightly vary among studies, the lowest concentrations at which cytotoxicity was observed were 5 µM of PA in neuroblastoma Neuro2a cells (Nagai, 2015) and 8.8 µM of phytol in breast adenocarcinoma MCF-7 (Pejin et al., 2014) . The highest concentration at which cytotoxicity was observed was 79 µM of phytol in prostate carcinoma PC-3 (Pejin et al., 2014) , suggesting that cancer cell lines may differ in their sensitivity to phytol and its metabolites. Of note is that, in a previous study of lung cancer A549 cells, the IC 50 for phytol (17 μM) was lower than for the (2007) 50 Human embryonic kidney cells HEK293 Increased intracellular release of Ca 2+ reserves, mediated via activation of free fatty acid receptor GPR40 Kruska and Reiser (2011) 100 Vascular smooth muscle cells Caused nitric oxide-dependent apoptosis Idel et al. (2002) ROS, reactive oxygen species. cancer drug, methotrexate (20 µM) (Thakor et al., 2017) . Of concern is that 10 µM of PA was already cytotoxic to a human normal prostate epithelial cell line (NPrEC), but not to lymph node prostate carcinoma cells (Mobley et al., 2003) , suggesting a narrow and sometimes overlapping range between beneficial and detrimental effects. Additional studies are needed to investigate cytotoxicity of phytol and its metabolites in non-cancer and cancer cells and to elucidate why cell lines from different organs vary in their sensitivity to phytol and its metabolites.
Another desirable aspect of phytol and its metabolites as potential pharmacological agents is that they may improve markers of metabolic syndrome in the physiological range (≤10 μM). Organs may differ in their sensitivity to phytol and its metabolites, as minimal concentrations required for beneficial effects varied from 0.1 and 100 μM of PA. At concentration of as low as 0.1 μM, PA increased brown adipocyte differentiation (Schluter et al., 2002) , whereas 40 or 100 μM was needed for white adipocyte differentiation (Heim et al., 2002; Schluter et al., 2002) . In muscle cells, 1 μM of PA was sufficient to stimulate glucose uptake (Che et al., 2013) and 5 μM of phytol was sufficient to induce genes involved in muscle differentiation in C2C12 cells . In contrast, 100 μM of PA was needed to increase transcription of genes that increase glucose uptake in HepG2 cells (Heim et al., 2002) .
Proposed pathways by which phytol and its metabolites exert their chemopreventive effects are summarized in Fig. 2 . The primary proposed mode of action is that phytol and its metabolites act as natural ligands of various nuclear receptors, especially PPAR-α and -γ and RXR, and induce transcription of nuclear receptor-responsive genes. Such induction can occur at concentrations similar to synthetic ligands that can be used for insulin-sensitizing effects and chemoprevention and treatment (Peters et al., 2012) . Phytol concentrations as low as 1, 50 and 10 μM induced PPAR-α, -β and -γ activity, respectively, in monkey kidney CV-1 cells and HepG2 hepatocytes (Heim et al., 2002; Goto et al., 2005) . Concentrations of 1 μM of PRA and 3 μM of PA induced RXR activity, potentially through retinol esters of PA (Tang et al., 2007) , in monkey kidney COS-1 cells and human HepG2 cells (Zomer et al., 2000) . Other proposed pathways are the PI3kinase/AKT pathway and as ligands of TRAIL, FAS, and TNF receptors, glucose-6-phosphate dehydrogenase receptor (Thakor et al., 2017) , and the free fatty acid receptor, GPR40 (Kruska and Reiser, 2011) .
In summary, it is encouraging that phytol and its metabolites can alter pathways involved in carcinogenesis at concentrations within the physiological range (≤10 μM). It is, however, concerning that limited evidence also suggests that phytol or PA at the same concentrations can be cytotoxic to breast and brain non-cancer cell lines and that the chemo-preventive effect of phytol and its metabolites may differ by organs and cancer cell lines.
Animal model studies
Current evidence from animal models on a role of phytol and its metabolites in carcinogenesis is limited to one study (Liska et al., 2012) ; hence, this review includes animal models of metabolic syndrome and nonalcoholic fatty liver disease (NAFLD) and animal toxicity studies Proposed mechanisms by which phytol and its metabolites exert their chemo-preventive properties. Phytol, phytanic acid and pristanic acid are proposed to affect pathways involved in carcinogenesis such as cell proliferation, differentiation and apoptosis, angiogenesis and inflammation. These effects are direct or indirect by inducing activation of transcription factors such as PPAR and receptors related to fatty acid and energy metabolism or inflammation. PPAR, peroxisome proliferator-activated receptor. (Ellinghaus et al., 1999; Elmazar and Nau, 2004; Mönnig et al., 2004; Hashimoto et al., 2006; Mackie et al., 2009; Elmazar et al., 2013; Silva et al., 2014; Selkälä et al., 2015; Wang et al., 2017; Yang et al., 2017) (Table 3 ). Dietary concentrations of phytol and its metabolites are expressed in wt%, if possible, to facilitate comparison of dietary concentrations among species. In female Sprague-Dawley rats, the combination of phytol at 0.05 wt% and a vitamin D analogue seocalcitol at 7 ppb, starting 7 weeks after mammary tumor induction, slowed mammary tumor growth, but not tumor malignancy or invasiveness; (Liska et al., 2012) . Four animal feeding studies evaluated the effect of oral phytol on indicators of metabolic syndrome and NAFLD and showed beneficial effects (van den Brink et al., 2005; Hashimoto et al., 2006; Elmazar et al., 2013; Wang et al., 2017) . Dietary concentrations ranged from 0.025 to 0.5 wt% of phytol for 2-5 weeks and resulted in decrease in body fat percentage and TNFα concentrations, and improvement in blood lipid and glucose profiles (Hashimoto et al., 2006; Elmazar et al., 2013) . Interestingly, in one animal study, the 0.05 wt% phytol increased adipogenesis, but decreased total body fat mass, as the average size of adipocytes was smaller . In addition to indicators of metabolic syndrome and NAFLD, phytol also showed anti-inflammatory properties in two studies, specifically decreased concentrations of TNF-α in one study (Elmazar et al., 2013) and decreased cytokine concentrations and inhibiting leukocyte migration in the other study (Silva et al., 2014) .
Detrimental effects of oral phytol and its metabolites were reported in four animal studies, three of which used transgenic animal models that cannot catabolize PA, which accumulates in tissues and subsequently leads to death. In two studies of sterol carrier protein-2/ sterol carrier protein-x deficient mice, phytol at 0.5 wt% of the diet-induced PPAR-α activity (Ellinghaus et al., 1999) , and mice started to die of sudden cardiac arrest by two weeks (Mönnig et al., 2004) . In AMACR-deficient mice, phytol at 0.5 wt% of the diet resulted in morbidity by 2 weeks, killed most mice by 6 weeks, and all by 36 weeks due to liver dysfunction (Selkälä et al., 2015) . Hepatotoxicity, consistent with chronic PPAR-α upregulation, was also observed in male and female mice after being on a 0.5 or 1.0 wt% phytol diet for 12 days (Mackie et al., 2009) . Not based on transgenic animal model, but in pregnant NMR1 mice, teratogenic effects of synthetic retinoid receptor ligands were potentiated with oral administration of 0.01 g of PA or 0.05 g of phytol/kg of body weight (Elmazar and Nau, 2004) .
In summary, results of oral phytol at concentrations of 0.05 wt% of the diet for prevention or treatment of metabolic syndrome and inflammation are encouraging; however, 10-fold higher concentrations may be harmful, indicating the need for dose-response studies. Given that a Western diet (assuming 500 g/day of macronutrient consumption) contains phytol at 10% of the PA intake, an average person would consume 5 mg/day (equal to 0.001 wt% of the diet) and 20 mg/day of phytol (0.004 wt% of the diet), which is 10-fold lower than the (2004) PA, phytanic acid.
lowest concentrations shown effective in animal models (Elmazar et al., 2013; Wang et al., 2017) . Furthermore, future animal studies should use dietary PA and PRA rather than phytol because humans have limited ability to metabolize phytol to PA or PRA and biologically effective PA and PRA contents can be obtained from human diet, assuming that phytol and its metabolites have the same efficacy (Steinberg, 1989; Brown et al., 1993) .
Human studies
Current evidence from intervention studies on a role of phytol and its metabolites is extremely limited. As to PA, initially, Werner et al. (2011) examined the effect of PA on biomarkers of metabolic syndrome among 14 healthy participants in a double-blind, randomized, 4-week parallel intervention study in Denmark. They were given 45 g of milk fat/day from test butter and cheese with 0.13 wt% of PA for the control group or 0.24 wt% of PA for the intervention group. Plasma PA concentrations increased in both groups significantly (P < 0.05) with a tendency of larger changes in the control group than the intervention group and no group differences in biomarkers of metabolic syndrome. In the follow-up study, Werner et al. (2013) increased both the PA amount and the length of intervention and compared the effect of replacing 15% of the participants' caloric intake from fat in the form of butter (39 g/day of butter that included 156 vs. 78 mg/day of PA) for 12 weeks on blood lipid, glucose, and inflammatory marker profiles among 38 healthy participants. To standardize the PA content and minimize residual confounding, the milk fat was obtained either from pasture-grazing or conventionally-fed cows and the former had twice the PA concentrations. Overall, there were no significant group differences in biomarker profiles related to metabolic syndrome (Werner et al., 2013) . This null result can be explained by no meaningful difference in plasma PA concentrations (3.6 vs. 3.3 µM; P = 0.15), as only 15% of caloric intake from fat was replaced. Hence, future dietary intervention studies need to increase the difference in the PA content between two groups to achieve at least 2-fold differences in circulating PA concentration, potentially by providing the entire meals, instead of partially replacing their food source of fat. In short, there is currently lack of evidence from human intervention studies that would suggest a beneficial effect of phytol and its metabolites on chronic disease prevention.
Current evidence from epidemiological studies on a role of phytol and its metabolites in chronic diseases is limited to five cancer studies. Two studies (Wright et al., 2012; Ollberding et al., 2013) have examined the association between dietary PA intake and cancer risk. A retrospective case-control study (336 cases with 185 women and 460 controls with 236 women) in Nebraska, NLS (Ollberding et al., 2013) , reported no association between total dietary PA intake and NHL risk. When stratified by NHL subtype, total dietary PA was positively associated with follicular lymphoma and small lymphocytic lymphoma/ chronic lymphocytic leukemia. Interestingly, the association between PA and NHL subtype differed by dietary PA source (Ollberding et al., 2013) . PA from beef, but not dairy products, was positively associated with diffuse large B-cell lymphoma. PA from milk, but not other dairy products, was associated with follicular lymphoma. This observation makes it unlikely that PA was driving the association with NHL subtype risk, leaving the possibility of residual confounding by other compounds in these food sources of PA. In the prospective ATBC cohort (27,111 participants, 1,929 incident cases, 438 advanced cases), PA intake was not associated with overall prostate cancer risk, but was positively associated with advanced prostate risk (Wright et al., 2012) . Moreover, this association was linked to high-fat dairy products and there was no association with PA from beef or fish. Thus, the association is subject to residual confounding as in NLS and could be due to compounds unique to dairy fat, such as short-and medium-chain fatty acids, which warrant further investigations. However, both studies did not further elucidate this possibility by mutually adjusting for the intake of these compounds, which needs to be explored in future studies and would help to clarify which bioactive compounds in dairy and beef products (e.g., mutagens) are driving the association between PA intake and cancer risk.
Three epidemiological studies measured serum or plasma PA concentrations and assessed the association with prostate cancer risk in men Price et al., 2010; Wright et al., 2014) . A small, population-based, retrospective case-control study (49 cases and 55 control) conducted in North Carolina reported significantly higher serum PA levels among prostate cancer cases than controls . Two prospective case-control studies nested within the European Prospective Investigation into Cancer and Nutrition (EPIC) and ATBC cohorts followed up on the finding. In the EPIC cohort (566 cases and 566 controls), plasma PA concentrations were not associated with overall prostate cancer risk; however, there was a positive association among participants who fasted at least three hours before blood draw (Price et al., 2010) . In the ATBC cohort (300 cases and 300 controls), in which dietary PA intake was associated with aggressive, but not overall prostate cancer risk (Wright et al., 2012) , neither serum PA or PRA concentrations were associated with overall or aggressive prostate cancer risk (Wright et al., 2014) .
As a note of caution, circulating PA concentrations do not necessarily reflect tissue PA concentrations. The correlation between serum and benign prostate tissue PA concentrations in 26 participants from Chicago was low (r = 0.28; P = 0.15) (Kataria et al., 2015) . More research is needed to determine factors that alter tissue PA concentrations and their relation with cancer risk and circulating PA concentrations. Besides prostate cancer, future epidemiologic studies are warranted to investigate cancer sites that have a lower IC 50 , such as breast or brain, or that accumulate more PA and have a higher lipid content, specifically liver and kidney (Hansen, 1965; Skrbic and Cumings, 1969; Malmendier et al., 1974) , which are more likely to show an association.
In summary, current evidence in human studies for a role of phytol and its metabolites in cancer prevention is insufficient, inconsistent, and could be explained by residual confounding by other food components. Another concern is that primary food sources of phytol and its metabolites have other food components that are known to have cancer-promoting properties (e.g. mutagens and iron in meats) (World Cancer Research Fund and American Institute for Cancer Research, 2018) . The question arises whether dietary intervention studies for cancer prevention can be formulated to achieve large differences in circulating concentrations of phytol, its metabolites, or both and their chemopreventive effects without residual confounding by other food components. Thus, a better strategy for future human intervention studies would be to use a supplement rich in phytol and its metabolites. As to cancer site, we recommend that future epidemiological studies should also examine cancers other than prostate cancer and NHL, especially cancer sites whose cells are known to be more sensitive to phytol and its metabolites such as brain, liver, kidney and blood. Furthermore, future studies should examine the interrelation between dietary, circulating and tissue levels of phytol and its metabolites in normal and cancer tissue.
Role of phytol and its metabolites on α-methylacyl-CoA racemase expression and cancer risk
The enzyme AMACR is critical for catabolism of PA and PRA, as it converts the (R)-form of PRA to the (S)-form, which can be further oxidized in humans. The expression of AMACR is upregulated in vitro by PA or PRA (Mobley et al., 2003) via PPAR-α to prevent accumulation of PA or PRA (Gloerich et al., 2007) . Thus, elevated PA levels in circulation may be linked to decreased AMACR expression and may differ by AMACR polymorphisms. There is continued interest in the association of AMACR expression and polymorphisms with cancer, as elevated AMACR protein or gene overexpression has been reported in various cancer tissues such as prostate, colon, rectum, ovaries, breast, bladder, lung, kidney, skin and lymphoma (Zhou et al., 2002) . Currently, AMACR gene expression is used in prostate cancer diagnosis in combination with other biomarkers such as 34E12, CK5/6 or p63 (Amin et al., 2014) or with prostate cancer antigen 3 (Ouyang et al., 2009) , as AMACR is most consistently upregulated in prostate cancer tissue (Thornburg et al., 2006) . A meta-analysis combining five case-control studies found that D175G and M9V polymorphisms of the AMACR gene were associated with prostate cancer risk (Chen et al., 2015) .
A study conducted in Chicago using benign prostate tissue did not find an association between AMACR gene expression and dietary PA intake or serum PA concentration (Kataria et al., 2015) . Furthermore, AMACR polymorphism did not modify the associations between dietary red meat or dairy intake on prostate cancer in the population-based case-control study in the state of Washington (Wright et al., 2011) . AMACR is generally required to convert (R)-forms of fatty acids with chiral centers (usually methylated fatty acids of microbial origin) to (S)-forms of fatty acids and, thus, are essential for the degradation of bile acids, ibuprofen and other methylated fatty acids (Wanders, 2014) . Therefore, elevated AMACR expression may be due to PPAR-α stimulation by compounds other than phytol or its metabolites, such as increased bile acid turnover, increased microbial fatty acid degradation, and low activity of AMACR or enzymes downstream required for methylated fatty acid degradation. Future research is needed to determine factors that elevate AMACR expression in some cancer tissues, but not in others. In summary, while the association of AMACR gene and protein expression with cancer risk and prognosis is well-established for prostate cancer, there is limited evidence that this association is modified by PA.
Conclusion
There is a gap in research and knowledge related to phytol and its metabolites, PA and PRA and carcinogenesis. Phytol and its metabolites are potential dietary compounds for cancer prevention because, based on some evidence in cell culture studies and limited evidence in animal models, they can alter pathways involved in carcinogenesis at physiological concentrations that can be achieved by dietary modifications. However, there are concerns regarding the cytotoxicity in non-cancer cells and various cell types. More research is needed to determine if and how normal and cancer tissues react similarly and differently to phytol and its metabolites. Animal feeding studies at phytol concentrations that can be achieved with dietary modification alone show promise; however, the number of studies is insufficient to draw conclusions. Moreover, studies in transgenic animal models report higher morbidity and mortality if PA accumulates in tissues. Previous studies on circulating and tissue PA and PRA concentrations suggest that little is known about the physiological processes involved in the control of PA and PRA concentrations in absorption, circulation and tissue distribution as well as the effect of the intestinal microbiome on circulating PA and PRA concentrations. Population-based studies that examine the association between phytol and its metabolites and cancer risk are few and largely limited to prostate cancer.
Based on the cytotoxicity and tissue accumulation data, other cancer sites such as brain, liver, kidney and blood are more sensitive to PA and, thus, have a greater chance to show associations in epidemiological studies than other cancer sites. In conclusion, phytol and its metabolites are potential natural agents for cancer prevention if current challenges including cytotoxicity in non-cancer cells and morbidity and mortality associated with PA accumulation in tissue can be mitigated.
